ABSTRACT: An acid-functionalized ionic liquid was entrapped within a silica gel to yield a recyclable liquid phase catalyst for the dehydration of rac-1-phenyl ethanol. Hot filtration tests showed that the activity was within the gel. Comparison with an analogous SILP system revealed fundamental differences in the properties and behavior of the materials.
The discovery of facile ionic-liquid silica gel formation, 1,2 enabled the introduction of the first ionic liquid mediated sol-gel methods for the preparation of solid catalysts. [3] [4] [5] There followed a period of relatively few publications, during which ionic liquid gels were seldom investigated as catalysts. Currently, in parallel with the development of new classes of ionic liquid, and an increase in interest in softmatter, the area of ionic liquid gel catalysts has come back into focus, and new methods are emerging. This catalyst preparation methodology involves the entrapment of an ionic liquid within an inorganic oxide matrix by a gel method. At the same time a catalyst is co-entrapped, 3, [5] [6] [7] or, alternatively the catalytic center can be associated with the ionic liquid. 4 The worked-up material is then used as a heterogeneous catalyst. Materials consisting of an ionic liquid within a porous oxide are often referred to as ionogels. 8 These catalysts are a sub-set of the sol-gel prepared entrapped catalysts pioneered by Blum and Avnir. 9, 10 In contrast to the gel-based catalysts, the related SILP catalysts, in which a heterogeneous catalyst is prepared by layering an ionic liquid on a pre-existing oxide matrix, have elicited an explosion of interest in the last ten years. Several reviews and concept articles have been published covering the method. [11] [12] [13] [14] [15] [16] [17] Exemplars have been demonstrated in the gaseous phase, 18 and using supercritical fluids, [19] [20] [21] and the application of SILP technology is at an advanced stage. The simplicity of the system enables a wide variety of matrices, ionic liquids and dopants to be screened easily. In liquid phase reactions the ease of addition and removal of the ionic liquid is potentially detrimental, and leaching can be facile.
The development of supported nanoparticles catalysts by ionic-liquid assisted gel methods 3 has been recently developed further by Han and co-workers. 22 Catalysts with hierarchical pores were achievable by employing a metal salt (e.g. CaCl 2 ) initiated gelation. Doping with gold afforded a catalyst for esterification, and ruthenium catalyzed hydrogenation. 28 using an acidic ionic liquid attached to a hydrophobic polymer. The result was an activity for biodiesel production that outstripped the homogeneous system. By analogy the combination of a hydrophobic acid functionalized ionic liquid and an inorganic oxide has great potential.
Solid acid catalysts created by sol-gel entrapment of ionic liquids have been known since pioneering work by Deng and co-workers. 4 Guan and co-workers 29 developed a silica gel with a tethered propyl sulfonate ionic liquid and applied this to esterification of carboxylic acids. The catalyst gradually lost activity; this was attributed to loss of the ionic liquid. A modified tethering method produced a catalyst that performed the acetalization of aldehydes and alcohols and could recycled 10 times with minimal loss of activity. 30 Funabiki et al Dehydration of rac-1-phenyl ethanol is applied industrially to the synthesis of styrene. [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] In this way 1-phenyl ethanol, a by-product of the Oxirane process (propylene oxide synthesis), can be effectively utilized. Poisoning is a major problem for the most active heterogeneous systems, and research is ongoing to develop new liquid phase catalysts. [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] The serendipitous discovery of dehydration activity in toluene at low temperatures (100-120 °C) in the presence of acidic PEG gels, 44 led us to examine the dehydration activity and recycling of acidic ionic liquid gels, and compare this with the reaction catalyzed by the parent liquid and related SILP system.
Appending a sulfonyl group to the cation of an ionic liquid or solid is achieved relatively easy by nucleophilic attack on a sultone. Acidic ionic liquid gel (ion-gel) catalysts were prepared. The sol-gel reaction was used to entrap and thus heterogenize the ionic liquid, this process requires an acid catalyst to ensure reproducible gel formation. The majority of ionic liquid silica gels in publication were formed by employing the action of formic or hydrochloric acid on a solution containing tetraethoxy or tetramethoxy orthosilicate (TEOS or TMOS). 1, 4, 5 The application of acidic ionic liquids to entrapment provides the opportunity to form an autocatalytic ionic gel. 48 In this way
[TEAPS][NTf 2 ] was applied to TEOS to form acidic ionic liquid gels. Gel formation took several days and the gels were stiff. The gel was thoroughly extracted with refluxing ethanol to remove material that was not entrapped, and dried in air to form a solid catalyst. The gel was found to dehydrate rac-1-phenyl ethanol in toluene solution predominantly to styrene and HP. A yield of styrene in toluene solution of up to 92% was achieved (supplementary data). A hot filtration test was performed on the gel catalyst (Chart 2). During the second phase, when the reaction solution was not in contact with the gel, there was no significant change in the composition of the liquids. The recycling of the acidic gel catalyst was tested by sequentially removing reacted solutions and replacing them with fresh substrate solution. The iongel catalyst could be recycled repeatedly with little or no change in performance (Chart 3). These tests reveal that the gel of
[TEAPS][NTf 2 ] acts as a recyclable solid acid catalyst for dehydration. No leaching of the ionic liquid was detected by 19 F NMR. When run for 6 hours liquid sampling showed that the proportion of styrene, ether and heavy products (HP) altered with contact time, consistent with sequential dehydration to ester then styrene, followed by dimerization to form the HP (Chart S9). The activity reported here is significantly higher than that measured previously for PEG-based acid gels. 44 The high activity of the SILP compared to the ion-gel opened the possibility that extraction of the SILP could lead to a catalyst with performance similar to the ion-gel. Solid state 29 Si NMR spectra of the SILP and ion-gel catalysts reveal significant differences in the matrix structure (Figure 1 ), particularly with respect to the relative intensities of Q 3 and Q 4 resonances. The spectra are long-recycle (30 s) direction excitation spectra and so the relative intensities are quantitative. The structures are clearly very different. The increased tri-substituted siloxane in the gel relative to the SILP (which presents a significantly larger Q 4 signal), may provide additional hydrogen bonding. 49, 50 The interaction of the silanol groups of the matrix with the ionic liquid may help to anchor the ionic liquid inside the matrix and prevent leaching. TGA and BET measurements were also found to be significantly different for the two materials (supplementary data).
The heterogeneous dehydration of rac-1-phenylethanol can be affected by a silica gel containing functionalized acidic ionic liquid
. The acidic ion-gel is a recyclable catalyst for the liquid phase reaction. A SILP catalyst prepared from ultra-pure silica gel forms a less robust catalyst that is prone to leaching ionic liquid into the solvent. The ion-gel structure was found to have a larger proportion of tri-substituted siloxane in the matrix than the SILP catalyst. 
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